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When considering smaller scale UAV’s there is not a lot available that could
survey large areas quickly, stealthy, and with a considerable range. Owls have an
interesting trait that is not found in most avian species; leading-edge serrations. These
serrations give owls the ability to fly silently and steadily without sacrificing
maneuverability. The focus of the research was to design leading-edge serrations that
would improve the flight performance of a Styrofoam glider. Previous studies defined
serrations by the inclination angle, tip-displacement angle, and the length of the serration
in the x-y plane. Using these parameters, a serration mold was computer modeled and 3D
printed from a resin material. Silicone was used to cast the mold, allowing flexible
serrations to be created. The serrations were fitted onto the leading-edge of a Styrofoam
glider which was used for flight testing. Flight test between serrated and non-serrated
leading-edge gliders are presented and compared.
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CHAPTER I
MOTIVATION
Current unmanned aerial vehicles cannot fly steadily due to their specific mission
requirements. Most commercially available UAV’s are in the form of small quadrotors or
multi-rotor aircraft. Popular amongst hobbyist, quadrotors have a variety of usage but do
not allow the user to fly it for long periods of time, or over areas that would require
effective maneuverability. Having a UAV that can fly steadily without losing
aerodynamic efficiency can be effective in surveying large areas that require stealth,
maneuverability, and quickness that cannot be offered by traditionally larger drones and
UAVs. This would also benefit military personnel, police task force, and even local
wildlife officials in high-risk areas subjected to illegal poaching of animals. When
looking into nature, there is only one bird that has mastered silent steady flight: the owl
[10]. Owls have an interesting trait not found in most avian species; they are able to flap
their wings without producing significant sound [10]. This is due to the unique makeup of
its wings; its velvet-like feathers, the downy fringe on the trailing edge of the wing, and
the serrations on the leading edge of the wings [1]. Owls need to fly silently to be
effective predatory birds. This trait has attracted researchers into studying the
aerodynamic effects caused by owl wings that allow them to fly silently [3].
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1.1

Background

Most researchers have looked at owl feathers for their acoustic capabilities to mitigate
sound[3]. These researchers tend to focus on a variety of owl traits such as the geometry
of the wings, the surface roughness of the feathers, and the downy fringes on the trailing
edge [1]. Figure 1.1 shows a detailed description of a Tyto Alba barn owl wing as
presented in references [1] and.[2].

Figure 1.1

Tyto Alba barn owl wing [1], [2]

The net effect of the barn owl wing characteristics allows it to fly in a way unique to the
owl. However, currently, researchers are focusing solely on the impact of leading edge
serrations on turbine engines, rotary blades, and other areas where noise reduction is
desirable [8]. Throughout the studies performed to date only seven out of the over 200
species of owls have been studied [1].
1.2

Owl wing serrations

Serrations are defined as comb-like hooks that occur on the outer vanes of the feathers
that build up the leading edge of the distal wing [2].
2

Figure 1.1

Barn owl feathers and serrations [1], [2]

Hermann hypothesized that the size of the owl species might have an influence on the
morphology of the serrations [1]. Also, the hunting activity of the owls would have an
influence since some owls hunt strictly at night (nocturnal) and others hunt in the
day(diurnal). These factors convinced researchers that serrations needed to be defined
specifically based upon a set of design parameters. They began by looking at seven owl
species of various sizes, from the smallest the Pygmy owl (Glaudcidium Passerinum) to
the largest the eagle owl (Bubo Bubo) [1]. It was assumed the range of sizes of owls
would have an impact on the size and make of the serrations. This turned out to be not
correct as the makeup of the serrations was mostly dependent on the activity pattern of
the owl. Silent flight was not important to diurnal owls as nocturnal owls, so they
hypothesized the nocturnal owls would have more developed serrations. In order to
validate this hypothesis, they investigated the 10th primary feather of each of the owls and
measured the serrations at 20%, 40%, 60% and 80% along the spanwise length of the
feather. They were able to quantify the measurements of the serrations and this allowed
3

them to distinguish between serrations that would help with silent flight and ones that did
not.
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CHAPTER II
PREVIOUS WORK
2.1

Serration geometry.
From the assessment of the owl wings, the researchers were able to successfully

define the serrations. Serrations are formed on the 10th primary feather by the tip of a
single barb. The hook and bow radiate originate from the shaft and function to form a
closed fan and to support the shape of a serration. Previous researchers defined the
serration by dividing the barbs into two halves, a proximal base, and a distal tooth shape;
the best part of the barb being the serration [1]. To distinguish between a serration geared
towards silent flight, and a serration that would not be useful to silent flight; three
parameters were outlined by the previous researchers; serration length, inclination angle
between the barb base and rachis, and the tilt angle between the serration base and the tip
of the serration [2].

5

Figure 2.1

3D first approximation of barn owl serration [9]

Figure 2.1 shows the first approximation of a serration by Bachmann [9]. This
approximation of a serration served as a guideline for an ideal case. In order to take
advantage of the silent effect of serrations, the serration length is on the order of 2.0 mm,
the inclination angle is approximately 45 degrees towards the rachis of the feather, and
the tilt angle is approximately 36 degrees towards the base [2]. Between each serration is
about 0.5 mm of space, making serrations on the leading-edge comb fold into each other
as if it was one surface [3&7]. The structure of this serration served as a basis for the
serrations used in the present research.
2.2

Flow studies
The effect of leading-edge serrations on the owl wings and bio-inspired wings

have been studied using a variety of testing methods. This means that there is a limited
amount of data with which to compare. Previous studies have included PIV (particle
image velocimetry) measurements, wind tunnel testing and computational fluid dynamics
6

[7]. The earliest testing was done by using an open wind tunnel to investigate the
influence of the leading edge serration on the flow field of an artificial owl wing [5]. This
investigation provided evidence that the serrations improved the flow field of around the
wing, but that the improvement depended on the Reynolds number [5]. It is also indicated
that the serrations produced a laminar-turbulent transition which increased the boundary
layer thickness [5].
Particle-image velocimetry was used int several studies. One study using PIV
measurements yielded interesting data when comparing a serrated wing with a nonserrated wing [4]. Three different wing models were tested--one without serrations, one
with silicone serrations and one with metal serrations. The measurements were performed
at about half of a semi-span. The metal and silicone serrations were 0.3 mm in diameter 2
mm long and spaced 1 mm apart. The metal serrations were tilted by 45 degrees to
approximate the natural bending of the serrations, while the silicone serrations were not
adjusted for flexibility [4].

Figure 2.2

Natural(a) , metal(b) and silicone (c) leading-edge serrations [4]
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A flow field analysis was done using PIV and force measurements and the results
showed a laminar separation bubble on the suction side of the wing at higher angles of
attack [4]. According to the authors, this behavior leads to more stable flow conditions at
high angles of attack, which favors maneuverability. However, the serrations reduced the
lift-to-drag ratio of the wing they were attached to; with the metal serrations leading to
significantly higher drag coefficient [4]. Figure 2.3 shows the lift-to-drag ratio of each of
the wings; for the clean wing, the lift-to-drag ratio is a lot higher than the other wings.
The large change in lift-to-drag may show a higher performance, but it is not good for
maneuverability, which benefits from constant cl/cd with respect to angle of attack ..

Figure 2.3

Distribution of the lift-to-drag ratio for the three wings at Rec of 60,000 [4]

These findings provide evidence that the leading-edge serrations serve as flow
stabilizers; stabilizing the vortices formed at the leading edge of the wing. Since owls
typically fly slowly and steadily, the researchers of this study concluded high
maneuverability is more important that high aerodynamic performance for the owl. Using
8

these findings as a foundation for this research, an experimental approach was developed
for the present study. The goal of the research was to use flight testing to see which
serrated wing would perform better, fly longer, and fly farther.

9

CHAPTER III
METHODOLOGY
In order to have sufficient testing results, various glider designs and flight
launching areas were reviewed and tested.
3.1

Early wing design concepts
The first initial idea for this research was to design a glider with wings that would

have leading-edge plastic serrations. This would be extremely time-consuming, costly,
and would add a lot of weight to the glider. The next idea was to design three different
wings (two with leading-edge serrations, one without) 3D print them and attach them to
an RC plane or Styrofoam glider. The two wing designs were decided based upon the
shape of a Tyto Alba barn owl wing, and a third airfoil was chosen to be the reference
wing.
The first wing was a bio-inspired owl wing that was modeled to look exactly like
a barn owl wing. In order to get accurate measurements for the wing, a discretized image
of a barn owl wing provided by Bachmann [9] was used as a reference model. Bachmann
digitized the wing planforms and profiles of three barn owl wings, one of which is shown
in Figure 3.1. Bachmann’s image was printed out on a large sheet of paper, and about
fifty data points were placed on each wing profile. The coordinates of these
measurements were scaled and put into a table in Excel.
10

Figure 3.1

Wing planform and profile of single barn owl wing. [9]

Once the data points were in Excel they were transferred to the CAD program Autodesk
Fusion 360. Initially, this wing seemed to be worth the effort, but when a section of the
wing was printed, the trailing edge was cracked. The 3D printer was not able to
successfully print the very thin portions of the wing.

Figure 3.2

CAD model of barn owl wing
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This wing was created from the discretized drawing presented by Hermann and Wagner
The second wing design was also based on the likeness of the owl wing. The
purpose of this wing was to have modular 3D printed like feathers, that could be easily
replaced if the wing crashed during testing. The wing was designed in the same way as
the previous wing, except the wing, the body was adjusted to account for the length and
area of each individual feather. Figure 3.3 shows the modular wing without the feathers.
This design was not pursued even though the wing body was successfully 3D printed,
because it would have been too heavy for flight.

Figure 3.3

Modular wing without feathers

Designing a wing ended up being an issue due to the 3D printer and the
complexity of each wing design. This lead to the decision to purchase a glider that would
fall in the same range of the chord Reynolds number found in owl wings.
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3.2

Final glider choice
The final glider was chosen because of its light weight, low cost, and that it would

give a chord Reynolds number on the order of 60,000. The commercially available glider
selected for this study is shown in Figure 3.4.

Figure 3.4

FireFox Glider

Five gliders were purchased for testing. One served as a practice unit, one ws a
backup and three were for flight testing. The glider was made out of a Styrofoam, with an
approximate mass of 51grams. With the purchase of this glider, the modeling of the
leading-edge serration combs began.
3.3

First serration design
The inspiration for the serration designs is modeled using the parameters

described by Weger and Wagner [1]. As previously stated, a well-defined serration is
based upon its, length, tilt-angle, and inclination angle. The first serration design was
created in the 3D modeling software known as Catia. This model serration was a tester
model, to see if the descriptions provided by the previous researchers were detailed
enough to be successfully 3D printed. This serration is shown in Fig. 3.5 and is
13

approximately 63.5mm in length. The serration is the actual bend and is angled at
approximately 35 degrees. This serration was 3D printed but was not used for the flight
testing as it was too large for the FireFox Glider.

Figure 3.5

First serration design

The second serration was modeled in Autodesk Fusion 360, which was more
efficient to use and provided a more accurate and detailed model serration.
3.4

Second serration design
The second serration design was modeled as a mold. Figure 3.6 shows the final

mold of the leading-edge serration comb. Each serration comb had 50 serrations 4.4 mm
long. The serrations were spaced 0.5 mm apart. The tip-displacement angle was 34
degrees. The serrations were doubled in size for easy printing, but the angle was still kept
14

at 34 degrees to be close to the ideal case of 36 degrees described by Weger and
Wagner[1]. The serrations blended into a 2 mm wide strip which allowed for easy
placement of the leading-edge comb onto the wing.

Figure 3.6

CAD model of serration mold

The molds came out perfectly, and a picture of one of the molds is presented in
Fig 3.7. The serration molds were created in a resin called “Tough Resin” which was
provided by FormLabs [7]. A few serration molds were printed in a grey resin that was
lighter, but still as accurate as the tough resin. Once the serration molds were printed,
various flexible materials were cast into the molds.

15

Figure 3.7
3.5

3D printed serration mold

Serration materials and placement
The first material was from Smooth-ON Silicone, a molding called Mold Star

20T. It is typically not used for casting, so it was extremely flimsy and brittle when taken
out of the mold. The next material was urethane rubber, a much stronger material that is
used for molds. Difficulty in working with it led this method to be discarded. The final
material used was a member of the Smooth-ON Platinum silicone series called
Dragonskin. The material was cast into the molds and cured for 16 hours. After the
curing process, excess silicone was carefully scrapped from the top of the molds and the
resulting deliverable was a silicone leading edge comb. The combs turned out perfectly in
some cases and tore in others. However, enough combs were created to be used for flight
tests. Figure 3.8 shows one of the leading-edge combs that molded well.
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Figure 3.8

Silicone serration

Attaching the leading-edge-combs to the glider wings, was difficult because most
adhesive would add a significant amount of weight to each serrated glider. The increase
in mass would allow the serrated gliders to fly further than the non-serrated gliders. To
prevent that the leading-edge combs were attached to the gliders using staples.
The leading-edge combs were placed on the wings based on the morphological formation
of the serrations on the 10th primary of owl feathers. One glider was given one set of
serrations, where each serration was placed from the tip of the wing to 1/3 of the
spanwise length. The second serrated glider was given two sets of serrations, one set
being placed on the tip of the wing, to 1/3 of the spanwise length, and the other set being
placed right next to the previous set; which covered about half of the spanwise length of
the wing; these pictures are shown in Figure 3.9.

17

Figure 3.9

Left wing, is glider A, Right wing is Glider B.

After the placement of the leading edge-combs, several methods of testing were
reviewed before the set up of the final testing method, using a single camera and three
frames of reference.
3.6

Flight test concepts
The most difficult part of this research was creating an adequate flight testing

method. Numerous techniques and strategies were thought of, starting with simply
dropping the gliders from a platform at a certain angle of attack. This did not work, as the
gliders would not fully level out and glide effectively. It was also difficult to find a
testing area that would have a good platform and subtle area for glide distance.
A second testing method was to use a bungee chord in the manner of typical
radio-controlled sailplanes. A trial run of this testing method led to the destruction of one
of the gliders. Securing the bungee chord to the glider was difficult as it would shift right
before takeoff.
The final method of testing considered and which was used was to hand launch
the glider and monitor its trajectory with cameras and reference markers.
18

3.7

Experimental set up of the testing area
The first testing area was set up in a junior high school gym using six cameras at a

distance of 20 feet from the wall, and a 7th camera set up 30 feet from the wall as shown
in Fig. 3.10. Each glider was thrown 10 times for a total of 30 flights.
The second testing method was set up in a student union ballroom at Mississippi
State University in a manner similar to the first method. One major difference was the use
of a quad copter to get an overhead view of the glider trajectories. Figures 3.10 and 3.11
show the experiment arrangement in the ballroom. Twenty flights per glider were
obtained in this facility

Figure 3.10

Testing area. The circles are camera positions.
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Figure 3.11

Second testing set up with five cameras shown in the picture, the 6th camera
is out of shot, and the 7th camera is from a Mavic Air DJI Drone.

This testing method provided ample data, but more flights needed to be done for
better statistical evidence. The final testing method was set up in a room in the
recreational center at Mississippi State University (Fig. 3.12), but here only one camera
was used. The first and second reference sheets were separated by a distance of 14 feet
while the second and third sheet was separated by a distance of 12 feet. The
single-camera was set up 45 feet from the middle point of the second reference sheet, and
each glider was thrown parallel to the wall, 9 feet away from the wall and 5 feet off the
ground.

20

Figure 3.12

Final testing area.

For the final sequence of flights each glider was thrown 100 times, for a total of
300 recorded flights. After each flight, a laser pointer was used to find the approximate
distance given an error of plus or minus 1/8 inch. After each flight, the results were
recorded in Excel and results were analyzed. Flight time and launch velocity were d
determined from the number of video frames elapsed and the frame rate in the video.

𝑡=
3.8

#𝐹𝑟𝑎𝑚𝑒𝑠
𝐹𝑟𝑎𝑚𝑒𝑟𝑎𝑡𝑒

Parallax Correction
Since only one camera was used, it was necessary to apply a correction for

parallax. Figure 3.13 shows a scaled drawing of the geometry used to determine the
parallax correction needed for the final testing set up.

21

(1.1)

Figure 3.13

Parallax correction of the testing set up.

Parallax is useful to determine the actual distance at a point with respect to the
line of sight. The first point recorded was at 4 feet from the initial launch position.
Equation (1.2) shows the angle for each point with respect to the line of sight
𝑥

𝛼0 = 𝑡𝑎𝑛−1 ( 𝐿0)

(1.2)

Using this angle, the parallax shift from each position was calculated which is
shown in Eq. (1.3).
𝑆0 = 𝑙 ∗ 𝑡𝑎𝑛(𝛼0 )

22

(1.3)

Finally, replacing the angle in the equation yields Eq. (4).
𝑙

𝑆0 = 𝐿 ∗ 𝑥0

(1.4)

Using these equations, the parallax shift was added to adjust the recorded flight
distances and the final results were analyzed.

23

CHAPTER IV
RESULTS
4.1

Performance V.S. Maneuverability
The average initial velocity from each flight was approximately the same values,

which supports the accuracy of the flight distances that were achieved. The average
launch velocity for all 100 flights of each glider is presented in Fig.4.1

Figure 4.1

Average initial velocity

From the flight test data, the reference glider would do not fly farther than either
of the serrated gliders in any phase of the testing. The reference glider would not stay
24

level for most flights but would increase its angle of attack achieving more lift than the
serrated gliders. At about 6 feet, the glider would stall and fall to the ground.
The single serrated glider would fly extremely well, often staying level until it
reached a horizontal length of 34 feet. This level flight supports the notion of the leading
edge serrations being flow stabilizers. Fig. 4.2 shows the single serrated glider from flight
test 49.

Figure 4.2

Single serrated glider test 49

The double serrated glider had the most level flight, often times flying much
farther than the other two gliders. However, during flight test 23 the double serrated
glider crashed which caused the serrations to detach from the leading edge. The serration
comb was attached more securely, but the glider did not fly as smoothly as it did in its
first flights. This did not impact its overall maneuverability and flight distance, as it still
25

flew farther than the reference glider. Figure 4.3 shows a picture of the double serrated
glider for test 49.

Figure 4.3
4.2

Double serrated glider for test 49

Flight Distances and time of flight
When the average distances of each of the flights were taken, the results show the

serrated gliders approximately flew the same distance, while flying 35% farther than the
reference glider. These averages are shown in Fig. 4.4.
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Figure 4.4

Average flight distance of gliders

These flight tests provide evidence that supports the benefit of leading-edge
serrations. Previous research indicates that the serrations act in some way as flow
stabilizers, keeping the flow field relatively constant despite changes in angle of attack
and Reynolds number [4]. Figure 2.3, repeated below as Fig. 4.5 shows this apparent
stabilizing effect. The wing without serrations has a greater maximum lift-to-drag ratio,
but appears to stall much more abruptly than the serrated wings. These trends resemble
the behaviors exhibited by the different gliders. Interestingly, the serrated gliders
achieved a lift-to-drag ratio of about 7.8 (based on average glide slope angle) which is in
the range of the serrated wings in Fig. 4.5. This may be a coincidence, but deserves
further investigation.
Serrations apparently are quite beneficial, but what they do is still unclear. There
simply is not enough information available in the literature nor from this study to
27

adequately explain the influence that the serrations have on the fluid mechanic processes
occurring around the wing.

Figure 4.5

Lift-to-drag ratio [4].

28

CHAPTER I
CONCLUSION AND FUTURE WORK
The results from these flight tests provide evidence that the leading-edge serration
combs improve the flight characteristics of the gliders. With an average launch speed of
24ft/s the serrated gliders each flew roughly 35% farther on average than the non-serrated
glider. Why this happens is not at all clear at this point—neither the current work nor past
studies provide enough information to explain the results. Further research is needed.
There is much that can be done to provide better flight test data. Testing with
other serration geometries and other gliders would be good. More cameras and a more
consistent launch method would help. Observation of the surface flow using tufts or oil
while the gliders are in flight would also be very helpful in determining more about the
flow. In order to support a flight test program, wind tunnel and computational studies
would be helpful.
Leading-edge serrations appear to significantly improve gliding flight. Their
promise warrants further exploration.
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